germplasm databases for the Agricultural Research Service (ARS). I consider genome databases to include information on chromosome rearrangements, mutations, DNA sequences, and other data generated by geneticists. Germplasm databases catalog collections of mutants, stocks, species, and other material. My purpose was to determine whether additional resources should be put into these databases and, if so, which organisms and information should be included. I interviewed entomologists, curators of existing databases (plant, insect, and microorganism), and computer database programmers. I also compiled information on existing databases on the Internet and organized it on two ARS World-Wide Web pages (List 1.1, 1.2).
Why is there so little insect genetic information available through the Internet? The genetics of two insects, Drosophila melanogaster Meigen (List 1.3) and Aedes aegypti (L.) (List 1.4), are well represented in existing databases. Also available is limited information on the genetics of Mediterranean fruit fly (or medfly), Ceratitis capitata (Wiedemann) (List 1.5) and silkworm (or silkmoth), Bombyx mori (L.) (List 1.6); and reference databases for specific insects, museum collections, and other relevant data (List 1.7). In comparison, at least seventeen large databases have been created for genetics of various plants (List 1.8). Is it possible that such genetic databases would not be useful to entomologists? Perhaps we do not use the Internet enough or, perhaps, there is not enough genetic information available for insects to justify more databases. In this paper, I will argue that additional insect databases could be used and will suggest specific areas that these databases should cover.
Use of the Internet by Entomologists
A broad cross section of the entomological community uses the Internet to exchange information, work more effectively, and publish many types of entomological information. The Entomology Index of Internet Resources, a large database of databases compiled by L. B. Bjostad (Colorado State University) and J. K. VanDyk (Iowa State University), has over 1,000 entries (List 1.7)! Topics range from applied to basic (most of the genetic information on Drosophila is available on FLYBASE). Internet entomological databases include genetics of Drosophila (List 1.3), mosquitoes (List 1.4), silkmoth (List 1.6), and medfly (List 1.5); a database of biocontrol releases (List 1.9); lists of references for ants, screwworm, pest flies, chironomids, and parasitoids (List 1.10); insect holdings for many museums and universities (List 1.7); contact points for government laboratories (List 1.11), university departments, professional societies, and companies (List 1.7); and home pages of individual researchers.
Despite this enthusiastic acceptance of the Internet by entomologists, there are problems with the current situation. Information often is difficult to find because it is scattered over hundreds of computers throughout the world. Similar information is presented in different ways, making it impossible to make comparisons easily. For example, as mentioned above, there are genetics databases for four insects, but each is in a different format. Finally, only a small part of the information is genetic.
How Much Insect Genetic Information Is There? When I began this project, I developed a rule of thumb, which I call the "One Page Rule," for evaluating the need for a database. If all of the information can fit on one page, there is probably no reason for it to be in a database. So, if there are less than fifty mutants, stocks, DNA sequences, and references available for a particular organism, a database probably is not needed. The data are probably easier to access if they are all on a single, World-Wide Web page (List 1.5, for example). On the other hand, if there are hundreds of mutants, stocks, DNA sequences, and references available, a database would be valuable. Creation of a searchable computer database would be an appropriate use of time and money.
DNA-sequence and protein-sequence databases, which were some of the first biological Internet databases, contained genetic information. This sequence information from all organisms is contained in GEN-BANK. Most of the organism-specific genetic databases were started to organize sequence information and correlate it with other types of information such as genetic maps, references, and stock lists. However, the design of GENBANK makes it difficult to extract information because it is not organized by taxon. Therefore, the information for a species is more accessible if it is in a separate database.
Is the explanation for the relative lack of insect genetics databases a corresponding lack of genetic information? Table 1 shows the results of querying GENBANK using the Taxonomy Browser search engine (List 1.12). These numbers are not an exact count, but they do indicate relative amounts of information available for different groups of organisms. The large amount of information in GENBANK for Drosophila has been organized and correlated with other information in FLYBASE (List 1.3). The number of nucleic acid and protein sequences reported for mosquitoes and moths is comparable to those reported for some of the important crops. The mosquito sequences from GENBANK shown in Table 1 also are in the mosquito databases (List 1.4), however the lepidopteran sequences are not in a lepidopteran database. The amount of sequence information available for the other insects examined is smaller, and genome databases might not be justified solely on this basis.
Types of Genetic Databases
Computerized genetic databases have proliferated on the Internet; one site lists nearly ninety (List 1.13). Genome databases are comprehensive compilations of all of the genetic data available for a species. I also consider reference databases to be limited genetic databases because they can be expanded to include other types of information. Establishment and maintenance of genome databases for important agricultural plants and animals have been major accomplishments of the ARS National Genetic Re- (7) databases are inexpensive compared to the original research. Genome databases are tools for leveraging the previous research on a species or group of species to increase productivity of current research. If there is already information available about a species, a relatively small investment in a database can be extremely profitable by connecting different types of data, eliminating overlap between projects, and identifying areas for further study. Genome databases can integrate different types of information such as biochemistry, genetics, DNA sequence, DNA cloning, population genetics, references, and researchers' addresses, into an interlinked whole. Probably the most important development of the past few years is the comparison of genes across species boundaries. It is possible for a geneticist working on a poorly characterized species to compare genes or gene sequences with a well characterized species like Drosophila or even E. coli to determine their function and mode of action quickly and easily. The ARS plant genome program is working actively on software to make these types of comparisons between their databases.
Databases of references are a more convenient form of the card files traditionally used by scientists to keep track of the literature. Almost every scientist has used AGRI-COLA, MEDLINE, or similar electronic databases for locating relevant literature. These databases have the disadvantage that they only cover the last few decades, so older literature is effectively lost. Many scientists have assembled more specialized databases for their own personal use; generally, these are species-specific. A few of these essentially are complete records of the literature for a given taxon. Databases of this type are extremely useful when put onto the Internet because they reduce the amount of time other scientists spend in searching the literature.
Stock lists are valuable for breeders because they allow rapid location of germplasm containing mutants, chromosome rearrangements, and other genetic traits. Although the number of insect breeders is small compared to animal and plant breeders, they do exist. A few beneficial insects (bees, silkmoth, predators) have been bred for desirable traits, and a few pest species (medfly, mosquitoes) have been bred for sterile release. Another use of stock lists is to document reference strains (e.g., for use in characterizing pest resistance in new plant varieties).
Positive identification of wild insects is a common problem in entomology. Pest insects always are wild, and, therefore, each pest insect potentially is genetically different. Correct identification is necessary to target control measures properly because different populations or species can differ in important characteristics such as host preference, pesticide susceptibility, and disease transmission. The most valuable resource for identification is museum reference specimens. Many museums are putting collection data on the Internet. A central repository, or "database of databases," would be invaluable in locating particular specimens. Similarly, frozen reference material for DNA or isozyme fingerprinting are maintained by many population-genetics laboratories. A database of these specimens also would be valuable.
Genome Databases. The choice of database software is a contentious issue in the genome community. There are two mutually exclusive preferences, based on a tradeoff between economy and ease of use versus programming power and sophistication.
A Caenorhabditis elegans Database (ACeDB)(List 1.14) is free, easy to learn, and designed for and maintained by biologists. It is the de facto standard of the Genome Informatics Group at the National Agriculture Library and, therefore, has considerable programming support. The tools for World-Wide Web access to ACeDB genome databases already are written. However, it is relatively easy to corrupt ACeDB data files, searching is difficult, and complex relationships are difficult to model. ACeDB genome databases include most of the plant genome databases sponsored by ARS, the mosquito databases maintained at Colorado State University, and the nematode database.
Commercial databases (e.g., Sybase, Oracle) are more powerful. A properly designed database stored in one of these formats will not allow users to enter many types of invalid information, greatly reducing errors. It is possible to model almost any type of relationship or dependency between data sets. Because each product is supported by a for-profit company, some curators think that it is more likely that they will continue to be developed and supported. However, compared to AceDB, licenses for these databases are more expensive ($10,000 or more per year), programming is more difficult (and therefore expensive), and there is not as much support available within the genome community. Genome databases using commercial software include the maize Many of the curators I interviewed, whatever their current database software choice, think they will be using different software in five to ten years. With this in mind, it is important to avoid database designs that will reduce portability of the data.
The most important aspect of creating a genome database is producing a working prototype as soon as possible. All of the database developers with whom I spoke (more than ten) agreed on this point. One week is suffiecient. Issues such as software choice, database design, and completeness of data are secondary. It is easy to move data from one database to another if the users decide that any of the original decisions were wrong. Databases are dynamic entities. Even curators of established databases constantly add more data types and create new links between data. However, even a partially functional database will help the scientific community and can be improved over time.
To test the assertion that databases can be moved easily, I exported five reference databases from Dbase to ACeDB. It took a programmer and me about one day to create the new database, import the data, and put the new database on the Internet in searchable form (List 1.2). In my experience, designing databases in ACeDB format is easy.
One troubling aspect of insect databases will be the question of compatibility with FLYBASE (List 1.3), the Drosophila database. FLYBASEis one of the largest genome databases and contains many times more information than all other proposed insect databases combined. However, FLYBASE uses expensive and complicated software.
Several years ago, the MacArthur Foundation sponsored development of genome databases for two mosquitoes, Aedes aegypti and Anopheles gambiae Giles. TheA. aegypti group quickly constructed a database using ACeDB, which was quickly made available over the Internet (List 1.4) . The A. gambiae group became involved in arguments about the relative merits and FLYBASEcompatibility of different database formats, failed to identify a curator, and took years to begin developing a useful database.
My opinion is that the initial prototypes of the insect genome databases should be produced in ACeDB because the available support makes it possible to develop a prototype in a few days. However, if individual curators have experience and access to another database, and can develop a prototype quickly, that also would be acceptable. It is in the long-term interest of the genome community to encourage diversity in database software because different packages will allow different types of data analysis. Two situations should be avoided-sterile arguments about the benefits of different software packages and choosing a software package that the curators do not have the resources to use immediately.
ARS Invertebrate Genetic Resources Program
The ARS National Genetic Resources Database Program is divided into two areas: (1) the Germplasm Resources Information Network (16), which focuses on the availability of germplasm, and (2) the Agricultural Genome Information Server (List 1.13), which focuses on genome mapping information. There is a large amount of data available for both crop plants and animals; however, the invertebrate portion is minimal. The invertebrate database components are the ARS National Invertebrate Germplasm Program (List 1.1) and the ARS Insect Genome Program (List 1.2). Four types of databases are targeted: (1) genome databases for selected groups of agriculturally important insects, (2) databases of references, (3) stock lists, and (4) museum collections. In addition, other specialized databases may be included when appropriate and available. The following three sections discuss the structure of the existing programs.
Releases of Beneficial Organisms in the United States and Territories (ROBO). ROBO (List 1.9) records information on the collection, introduction, release, recolonization, and culture of nonindigenous beneficial species of arthropods and other invertebrates. ROBO documents the availability of these species from field collections or cultures in the United States and elsewhere for use in the biological control of invertebrate pests and weeds. It includes importations and releases of beneficial invertebrates, both biological control agents and pollinators. It also includes information on importation and release of microbial natural enemies. ROBO is used by regulators, research scientists, and industry. It is the only comprehensive source of information on biocontrol releases.
ROBO originally was released in printed format, and, currently, the information is being transferred to a searchable electronic form. To date, only information from 1981 through 1984 has been entered. Bringing ROBO up to date would greatly improve its usefulness.
ARS Insect Research Locations and Stock Centers. We have compiled a list of ARS locations (List 1.11) that work on insects and, if available, linked these to their World-Wide Web home pages. This will help other scientists who need to locate specific germplasm resources that individual laboratories maintain.
We also have compiled lists of insect stock centers maintained by ARS scientists and insect stock centers maintained by non-ARS scientists. By far the largest of these is the Drosophila stock center at Indiana University. A Drosophila stock list containing data on material in the stock center as well as that maintained by many individuallaboratories is available on the Internet.
Literature Databases. Currently, at least eight insect literature databases are available on the Internet (List 1.10). These range from extremely useful (ant and screwworm, Cochliomyia hominivorax [Coquerel] ) to marginally useful (parasitoids). Transfer of these databases between formats is simple, and we have transferred several to the National Agriculture Library (List 1.2). Other literature databases are maintained by other scientists, and this effort may encourage them to offer their data to National Agriculture Library. A single, centralized location for insect literature databases that have a standard format and that are easy to search would be useful.
Other Currently Available Insect Databases
A genome database for medfly (List 1.5) recently was established by P. Karremans in Belgium. This currently has information on mutants. It does not incorporate any information on DNA or protein sequences (there are a total of 84 medfly DNA or protein se-quences in GENBANK).
A genome database for silkmoth (List 1.6) is being maintained in Japan. Currently, it has pictures of the genetic map.
A large mosquito genome database (List 1.4) is maintained at Colorado State University by D. Knudson.
As was mentioned previously, FLYBASE (List 1.3), the Drosophila database, is one of the largest genetics databases available for any orgamsm.
At least twenty entomology museums located around the world have World-Wide Web home pages (List 1.7). Some of these are merely fact sheets or contact lists, but others also have searchable information about the collections. Most museums now maintain their collection information in electronic databases, and, so, it is a small task to publish this information on the Internet. For example, the ARS Systematic Entomology Laboratory is in the process of developing software to publish its collection information on the Internet.
Future Databases
Potential involvement of the ARS Genetic Resources Program. After conducting this survey, I concluded that there were several areas of insect genetics that would benefit from the creation of World-Wide Web databases. These areas were chosen based on the availability of data, the potential usefulness of these data to scientists, and the importance of the insects involved. The ARS Genetic Resources Program is considering a proposal to establish genome databases for herbivorous lepidopteran pests, tephritid fruit flies, honeybees, and flour beetles.
Mendel: Gene Nomenclature Database. Currently, there is no consistent method for naming insect genes. This makes it difficult to compare results between species. The plant genome community has established gene-naming conventions and Mendel, a plantwide database for gene names (List 1.8). Neither the naming conventions nor the database necessarily is plant specific, and insect gene names easily could be added.
Consistent naming conventions would make automated comparisons of insect genetic maps possible. Comparisons of gene structure and function would be easier because identification of homologous loci would be easier.
Because genes are being cloned and sequenced in many different pest insects, and because no consistent naming conventions exist, it essentially is impossible to compare results between species. Incorporation of insects into the Mendel gene nomenclature database would be an inexpensive and effective solution. Section B of ESA now is investigating this issue.
Insect Cell Lines. Insect cell lines are used widely by physiologists and biochemists in ARS. A database of insect lines is being maintained by D. Lynn (USDA/ARS Beltsville). The cell line data could be put into searchable form on the Internet.
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